Cobalt-doped gold clusters Au n Co (n=1−7) are systematically investigated for the possible stable geometrical configurations and relative stabilities of the lowest-lying isomers using density-functional theory at B3LYP/LanL2DZ level. Several low-lying isomers were determined, and many of them are in electronic configurations with a high spin multiplicity. The results indicate that the ground-state Au n Co (n=1−7) clusters adopt a planar structure except for n=7. The stability trend of the Au n Co (n=1−7) clusters shows that the Au 2 Co clusters are magic cluster with high stability.
I. INTRODUCTION
The transition bimetal clusters continue to be drawing considerable attention. A transition metal atom doped in small cluster of other metals can strongly change the properties of the host cluster [1−7] . The study of heteroatomic or impurity-doped as well as homoatomic metal clusters indicated that the impurity atoms can strongly influence geometric, electronic, and bonding properties of mixed clusters [8−16] . Noblemetal clusters such as Au, Ag, and Cu have been studied due to their unique physical and chemical properties [17−22] . Especially, gold clusters doped with transition metal atoms have been extensively investigated both experimentally and theoretically for their structural and electronic properties. For instance, Bouwen et al. [23] and Heinebrodt et al. [24] investigated the bimetallic Au n X m + clusters (X=Cu, Al, Y, In, and Cs). Binary Au cluster anions with a doped metal atom, Au n M − (n=2−7, M=Pd, Ni, Zn, Cu, and Mg), were investigated using anion photoelectron spectroscopy by Koyasu et al. [5] . The geometric, electronic, and bonding properties of Au n M (n=1−7, M=Ni, Pd, and Pt) clusters were investigated by Yuan et al. [12] . The geometric structures, relative stabilities, and magnetic moments of the small Au n Fe (n=1−7) clusters have been investigated systematically by density functional theory (DFT) in Ref. [1] . Nonlinear optical properties of Au n−m M m (n=10, 16; m=1, 2; M=Ag, Cu) clusters are theoretically investigated by Xu et al. [6] . The results have shown that the second metal atom doped in clusters of Au atoms plays a special role in their stabilities and chemical activities.
In this work, we systematically investigate the * Author to whom correspondence should be addressed. E-mail: jmst − gjj@163.com geometric structures and stability trend of Au n Co (n=1−7) clusters using the ab initio method based on DFT. Effective core potentials (ECP) including relativistic effects for the gold and cobalt atoms are introduced in order to describe the inner core electrons. This information will be useful to understand the enhanced catalytic activity and selectivity gained by using cobaltdoped gold catalyst.
II. COMPUTATIONAL METHOD
The structure optimizations and frequency analyse of the clusters are performed using the DFT with the unrestricted B3LYP exchange-correlation functional and an effective core potential LanL2DZ basis set [25−27] , as implemented in GAUSSIAN03 program package [28] . To search the lowest energy structures of Au n Co (n=1−7) clusters, lots of possible initial configurations, which have different bond length, bond angle, or point group, were used in geometry optimizations. Furthermore, the previous studies on gold clusters are also employed as a guide [18] . Due to the spin polarization, every initial configuration was optimized at various possible spin multiplicities. Each geometry optimization was followed by a calculation of harmonic vibrational frequencies to confirm that the optimized geometry corresponds to a local minimum. In all calculations, the convergence thresholds were set to 1.5×10 −5 Hartree/bohr for the forces, 6.0 fm for the displacement, and 10 −6 Hartree for the energy change.
The accuracy of the computational method has been checked by calculations on Co 2 , Au 2 , and AuCo dimers. The total energy E, equilibrium distance r e , molecular state, vibrational frequency ω e , and dissociation energy D e for the ground states of Au−Co dimers are shown in Table I together with the experimental data [30−32] or previous theoretical results [4, 8, 29] . Our results are very close to the previous values, although changes in the D e values might be expected with the basis set. Sat- isfactory agreement indicate that the density functional, effective core potential including relativistic effects, and basis set used in current density functional calculations should be good to describe the small Au−Co mixed clusters.
III. GEOMETRICAL CONFIGURATION
The optimized results of the Au 2 Co isomers are summarized in Fig.1 and Table II . The C s symmetric angle structure with an apex angle of 154.2 • (isomer I) is the ground state structure of the Au 2 Co cluster, which shows relaxed Au−Au distance with respect to the Au 2 dimer equilibrium distances, in contrast with the contraction obtained for the Au−Co bond length, as compared with that one calculated for the AuCo dimer in Table I . These structural changes already reflect the degree of distortion that the impurity atom can produce on the geometry of bare metallic cluster. The stable triangle structure in the 4 A 1 electronic state comes next in energy, also as stable isomer. The linear structure with the central Co atom is found at the energy of 0.19 eV above the 4 A 1 state. Isomer IV with angle structure and C s symmetry in the 2 A electronic state has energy 0.99 eV higher relative to the lowest energy state, which is the least stable isomer of Au 2 Co. The trial geometries used in the geometry optimizations of the Au 3 Co cluster were the isomers of the Au 4 cluster [18] . In addition, we also consider the linear configurations. The optimized structures of the Au 3 Co cluster are displayed in Fig.2 , and their properties are reported in Table III . The isomers of Au 3 Co keep twodimensional (2D) structure up to the relative energy of 2.59 eV, which is related to the triangular Au 3 trimer except for the isomer II. The C 2v rhombus structure in the 3 B 2 electronic state is the most stable isomer of Au 3 Co. The 3 A 1 state with a similar structure (isomer III) has higher energy. This geometry was also the most stable one for the Au 4 cluster [18] . Three "Y-shaped" structures are obtained with the impurity atom occupying center or apex positions, also as stable isomers. Among them, the geometry with the Co atom occupying center position shows higher stability.
The tetrahedral structure of the Au 4 cluster did not remain as local minimum for the Au 3 Co cluster. Our calculations indicate that the energy difference between the ground state and the lowest excited state structures of Au 3 Co is 0.15 eV. This result differs from the Au 4 cluster sequence where the "Y-shaped" structure is less stable with 0.06 eV in energy higher than that of the rhombus [18] . Figure 3 and Table IV show Table V. as it also occurred in the Au 4 M (M=Ni, Pd, and Pt) clusters optimizations [12] . The 2D→3D transition occurs at isomer III, which is 0.27 eV lower in energy than the equivalent 3D isomer of the Au 5 cluster [18] . The lowest energy structures of the Au 5 Co cluster are depicted in Fig.4 , and their properties are reported in Table V . The triangular structure shaped with impurity centered in the middle of bottom lateral is the ground state configuration of the Au 5 Co cluster. The triangular structure, of which the impurity atom occupies apex position, is 0.83 eV less stable than the ground state configuration. This geometry is also the least stable one in the Au 5 Ni and Au 5 Pt clusters optimizations [12] . In our calculations for the Au 5 Co cluster, the 3D structure is the isomer II. This structure also occurred in the Au 6 cluster optimizations [18] . Comparing the energy difference between the ground state structure and the 3D structure of Au 5 Co with the equivalent of the Au 6 cluster, it processes that the inclusion of the Co atom in hexamer lowers the energy gap (E g ) between the ground state form and the equivalent 3D isomer by 0.09 eV.
The stable isomers of the Au 6 Co cluster are depicted in Fig.5 , and their properties are reported in Table VI . Seven planar capped triangles (I, III, IV, V, VI, VII, and VIII) with C s symmetry have been found by optimizations, which may originate from one Co atom substitution in the lowest energy structure of Au 7 [18] . Among them, isomer I is the most stable structure. This structure has a E b value of 1.84 eV, which is higher than that of the similar structures (III, IV, V, VI, VII, and VIII). The hexagon with the Co atom occupying the center of the ring comes next in energy as it also occurred in Au 7 cluster optimizations [18] . Isomer IX is an extended Table VI. displayed in Fig.6 , and their properties are reported in Table VII . The most stable structure with five lower lying isomers has been obtained by optimizations. The C 2v 3D structure in the 3 B 1 electronic state (I) is the lowest energy structure for Au 7 Co, which is 2.71 eV lower than the planar structure originated from one Co atom substitution in the capped hexagon structure of Au 8 [18] . This geometry is also the most stable form in the Au 7 Ni cluster optimizations [12] . In the case of Au 8 , this configuration is higher in energy than the minimum energy planar structure by 0.71 eV. Isomer III is clearly a tetra-edge-capped rhombus, which is the most stable one for the Au 8 cluster [18] . Isomers V, VI are planar configurations, which might be well described as perturbations to the extended W form of the Au 6 Co cluster by the one Au or Co atom. The E b values for these isomers of Au 7 Co lies in the range of 1.67−1.24 eV.
IV. STABILITY TREND
The stability trend of the Au n Co (n=1−7) clusters for ground-state structures are analyzed in terms of the E g between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), the atomic averaged E b , second-order difference of energies, and fragmentation energies ∆E.
The E g between the HOMO and LUMO is important quality to characterize the cluster chemical stability. It is well known that DFT typically underestimates the HOMO-LUMO gap. However, it still makes sense to examine the tendency of HOMO-LUMO gap among Au n Co clusters. A large E g corresponds to higher stability. The calculated HOMO-LUMO gaps for the ground states of Au n Co (n=1−7) clusters are presented in Fig.7 . It can be seen from Fig.7 that the Au 2 Co cluster has a particularly large E g . In other words, the Au 2 Co cluster presumably has higher chemical stability.
The atomic averaged E b of the Au n Co clusters are defined as:
where E(Au), E(Co), and E(Au n Co) are the energies of a Au atom, a Co atom, and the Au n Co cluster. The variation of calculated E b of the most stable structure for each cluster as function of cluster size is shown in Fig.8 . As can be seen from the plot, the E b has a maximum value at Au 2 Co. This indicates that the groundstate Au 2 Co is more stable than its neighbours. In cluster physics, the second-order difference of energies ∆ 2 E b is an extremely sensitive quantity that re- flects the relative stability of the clusters [12] . For the ground-state Au n Co clusters, it can be calculated as Figure 9 shows the variation of the second differential of E b with cluster size n. Among all the minimum energy structures, triangular Au 2 Co has the largest ∆ 2 E b value of 0.51 eV/atom. Consequently, it can be deduced that the Au 2 Co cluster possess relatively higher stability.
The relative stability of the ground-state Au n Co clusters can also be discussed by examining fragmentation energy (∆E), which involves a fragmentation channel, Au n Co → Au n−1 Co + Au.
(
In this case, the ∆E can be estimated as follows ∆E(Au n Co)=E(Au n−1 Co)+E(Au)−E(Au n Co) (4) where E is the energy of the ground-state cluster or atom. Figure 10 shows ∆E of the ground-state Au n Co clusters. The ∆E value for the most stable Au 2 Co cluster has the highest value of 2.82 eV indicating high stability of Au 2 Co cluster. This is also in line with the above analysis based on the E b and ∆ 2 E b of the Au n Co clusters.
FIG . 10 The ∆E of the ground-state AunCo clusters via loss of a Au atom.
V. CONCLUSION
The possible low-lying isomers and stability trend of the Au n Co (n=1−7), clusters have been investigated in this work using the density functional method B3LYP with relativistic RECP and LanL2DZ basis set. The most stable planar structures are found in Au n Co (n=1−7) apart from Au 7 Co. Some structures can be obtained by replacing one Au atom of corresponding pure gold clusters with Co atoms, such as n=3−6. The analyses of the HOMO-LUMO gaps, the averaged E b , ∆E, and second-order difference of energies show that the Au 2 Co cluster possess relatively higher stability. 
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